Abstract: In this paper, we present a miniaturized two-dimensional (2-D) optical scanner for endoscopic imaging applications. The optical scanner is based on a hybrid actuation, which is composed of a planar waveguide (PWG) beam deflector for the fast axis and an electrothermally actuated flexible printed circuit beam deflector for the slow axis. The PWG beam deflector utilizing a microheater prism array to rapidly modulate the refractive index of three layers of the PWG is based on the thermo-optic effect. Maximum optical deflection angles of 8.6°for the PWG and 12.4°for the FPC beam deflectors are experimentally achieved. A 1.2-Hz 2-D imaging rate is tested. By assembling two beam deflectors together as well as two rod lenses, an optical scanner highlights small outline dimensions and lowdrive voltages, which makes it feasible for endoscopic imaging purposes.
Introduction
A variety of optical endoscopic imaging techniques, such as endoscopic optical coherence tomography (OCT) [1] - [3] and endoscopic nonlinear optical (NLO) imaging [4] , [5] , requires a miniaturized optical scanner locating at the distal end of an imaging probe for beam steering. Microelectromechanical systems (MEMS) based microscanners were firstly introduced into the endoscopic imaging applications, especially suitable for side-view imaging. Those microscanners are built in modern microfabrication techniques. The microfabrication processes always start from silicon wafers and then tiny movable mechanical structures are formed by lithography, deposition, etching and so on. Electrostatic [2] , [6] , [7] , [8] , electrothermal [1] , [9] , electromagnetic [10] and many other kinds of actuation mechanisms are utilized to drive a mirror plate to perform tipping, tilting or piston motion. For forward-view imaging, the dominating method should be piezo microactuators [11] - [16] vibrating the free end of an tiny optical fiber to project a range of patterns, such as Lissajour, spiral or raster, on the imaging target. However most of endoscopic optical probes aforementioned have needle shapes indicating their long rigid parts as long as 40 mm. It is too long to work within the tiny instrument channel of commercial digestive tract endoscopes always bending at its distal end for clinical screening. As the most recent development of MEMS devices for such kind of applications, electrothermal actuator systems shaking an integrated photonic waveguide and an integrated silicon microlens are reported as the first one without discrete micro optical components [17] . But it is still based mechanical deformation of bimorph actuators and only one dimensional scan capability is offered, which is not enough for two dimensional endomicroscopic imaging.
The article presents a miniaturized two dimensional optical scanner for endoscopic imaging applications. The optical scanner is based on a hybrid actuation mechanism, which is composed of a planar waveguide (PWG) beam deflector for the fast-axis and a flexible printed circuit (FPC) beam deflector for the slow-axis. By assembling two kinds of beam deflectors together as well as two rod lenses for light focusing and collimation, a miniaturized two dimensional optical scanner highlighting the small outline dimensions, low drive voltage and relative low fabrication cost is suitable for two dimensional endomicroscopic imaging.
Design, Fabrication and Assembly

Structure of Two Dimensional Microscanner
The miniaturized two dimensional optical microscanner ( Fig. 1(d) ) presented in this article mainly consists of three parts, including a PWG beam deflector ( Fig. 1(a) ), a FPC beam deflector ( Fig. 1(b) ) as well as two rods lenses ( Fig. 1(c) ). The PWG beam deflector uses a microheater prism array (MPA) [18] - [20] to rapidly modulate the temperature of three top layers of the PWG. Based on the thermo-optic (TO) effect, the refractive index of the core layer made of polyimide (PI) decreases as the temperature of the MPA increases. As a result, the PWG beam deflector steers the incident beam in one direction, for example, the horizontal direction in Fig. 1 . A FPC beam deflector built by a standard FPC fabrication process has a pair of multilayer cantilevers supporting a gold coated high reflective mirror plate. Due to the bi-metallic effect, when cantilevers are uniformly heated, they perform a curved shape to tip a reflective mirror plate supported. Therefore the FPC beam deflector can steer the beam in the other direction perpendicular to the scan direction produced by the PWG beam deflector.
Design and Fabrication of PWG Beam Deflector
How to steer beam by a solid state device without any mechanically moving parts is quite challenging in our PWG design. Even though TO effect is large enough in polymer materials selected, a specific geometrical index-modulating region in the PWG requires a meticulous MPA design. Prism array formed by a series of linearly aligned triangles has been widely used in electro-optic (EO) effect based beam deflectors [21] - [24] and also shown as the most practical method for TO effect based beam deflectors. With the regional index-modulation, the incident beam is always redirected to the apex of the triangle. Related to the TO coefficient of the PWG core layer, the temperature change as well as the geometric profile of the MPA, the resulted optical deflection angle θ is given by:
where n is the respective value of the refractive index change, L is the length of the base line of each triangle, h is the height of each triangle within the MPA, and s is the number of prisms in the MPA. Higher TO coefficient as well as larger temperature change producing large n is highly desired. In our case the TO coefficient of PI is about −4 × 10 −4 /K and the temperature change is estimated about 100 K. Therefore n is about −4 × 10 −2 . In order to simplify the MPA design, four (s = 4) incremental equilateral triangles are used in our design as shown Fig. 2 . Incremental side lengths of triangles are designed for keeping the uni-directionally deflected beam within the last triangle of the MPA. Specific outline dimensions of triangles depend on optical beam properties and maximum optical deflection angles which are discussed as followings.
The number of resolvable spots M can be calculated by M =
, where θ max is the maximum deflection angle of the PWG beam deflector and θ di v is the divergent angle of the Gaussian beam.
, where w 0 is half of the waist diameter of a Gaussian beam and n is the refractive index of the PWG core layer. Numerical calculation results shown in Table 1 indicate that smaller divergent angles always result in larger beam waists leading to larger triangles of the MPA and hence reduce requirements for θ max . The PWG beam deflector is designed to provide 512 resolvable spots in a scan line with 650 nm wavelength in our design presented in this article. The θ max calculated in Table 2 is used in (1) The fabrication process of the PWG beam deflector starts from a 4 inch silicon wafer. 2 um LOR_A photoresist based on polydimethylglutarimide (PMGI) (MicroChem Corp., MA, USA), 3.6 um Durimide 112A polyamic acid (Fujifilm, IL, USA) and 2 um LOR_A are spin-coated and cured to form the top cladding layer, the core layer and the bottom cladding layer of the PWG (Fig. 3(c) ). The spin-coating and cure procedures follow official operation manuals. The refractive indices of the LOR_A are 1.61@405 nm and 1.55@780 nm while that of the Durimide 112A is generally 1.81. Although TO coefficients of both the LOR_A and the Durimide 112A are not mentioned in official documents, it is still possible to refer to similar parameters reported as about −4 × 10 −4 /K or to experimentally obtain those parameters. In comparison with conventional optical polymers, such as polystyrene (PS), polymethylmethacrylate (PMMA) and polycarbonates (PC), aromatic PI and PMGI exhibit excellent thermal stabilities as well as large TO coefficients. After PWG formation, 200 nm thickness aluminum is patterned as MPA on the top surface of the PWG by lithography, metal sputtering and lift-off process. Finally after wafer dicing and side polishing, PWG dies are ready for test and assembly. The single mask fabrication process mentioned here is definitely simple and low cost. Based on considerations on optical designs, outline dimensions of the PWG chip is 6.14 mm by 2.31 mm by 0.45 mm as shown in Fig. 3(a) and (b).
Design and Fabrication of FPC Beam Deflector
In comparison with expensive microfabrication processes, several conventional low cost electronics fabrication processes include the FR4 (Fire Resist 4) based printed circuit board (PCB) [25] , [26] and the FPC [27] are utilized for the fabrication of microscanners recently. The structure of the FPC beam deflector includes a pair of multilayer cantilevers as electrothermal actuators to support a mirror plate. Cantilevers of the FPC beam deflector consist of exactly four layers of different materials. From the top to the bottom, four layers are gold, nickel, electroplated copper and PI substrate. Physical properties of four materials are listed in Table 2 . However only Young's modulus, coefficients of thermal expansion (CTE) and thicknesses of specific layers are used in following study on static curvatures of multilayer cantilevers. Gold and nickel layers are used here for gold wire bonding onto aluminum pads of the PWG for process compatibility consideration. The gold layer is also used as a high reflective thin film coated on the mirror plate. The large difference of CTE between copper and PI leads to significant mechanical bending of cantilevers to the direction of the copper side.
Usually a typical electrothermal actuator consists of two layers with different mechanical properties. The first theoretical formula for the evaluation of stresses, arising in two-layer composite, was suggested by G. G. Stoney [28] in 1909 and is widely utilized from the stress calculation based on the measured curvature on the substrate. Later, in 1925 Timoshenko [29] examined the mechanical behavior of a bimetal themostat based on an elementary beam theory. The original Timoshenko's formula is given as:
where 1/ρ, m and k represent the curvature, the thickness ratio and Young's modulus ratio of the bimaterial structure, respectively. The concept of continuous displacements between interfaces in the Timoshenko's theory has been a basic hypothesis for numerous other theories. It should be noted that Stoney's formulae actually is a good approximation of Timoshenko's theory in the case of a thin film deposited on a relative thick substrate and the thickness ratio of two layers should be less than 0.1. In most microelectronic fabrications, in comparison with the thickness of normal silicon substrates of more than 700 um, the thickness of deposited thin film materials ranging from several nm to a few µm is so thin that it meets the assumptions of modified Stoney's equation. However, in MEMS applications, the thickness ratio of two materials may not be limited within 0.1 so modifications on Timoshenko's formula for multilayer applications are highly required as a more general case. It makes no assumptions regarding the thickness of layers and produces a linear set of equations that admit a solution which can be expressed in a closed form [30] . Cases with N = 2 and 4 layers assemblies are discussed as followings: 
where h, α, T, α i , E i and I i represent the total thickness of the multilayer structure, difference of CTE, isothermal temperature change throughout the multilayer structure, CTE of i th layer, Young's modulus of i th layer and moment of inertia of i th layer, respectively. Hence specific thicknesses of layers are optimized to achieve the maximum bending. As for the case of N = 2 layers consisting of copper and PI layers, a normalized curvature c is derived from (2) and listed as follows:
where t 2 is the thickness of the second layer, i.e., the PI layer in this case. To maximize the normalized curvature for given materials, dc/dm should be equals to zero. The derivative of θ is found to be:
Only one positive root among 6 roots of is found by solving (6),
By substituting (6) into (5), the maximum normalized curvature c op t is found as,
From (8), it is clear that the maximum normalized curvature for a thermally actuated bimaterial is only dependent on the difference in CTE of the two materials. Moreover, the optimized thickness ratio m op t depends on the Young's modulus ratio k. A numerical calculation is conducted to easily find the optimized thickness ratio for both four layers combination and simplified Copper-PI combination as shown in Fig. 4 . Resulted optimized thickness ratio for four layers combination is about 0.1 while that for Copper-PI combination is about 0.16. In this calculation the actual thicknesses of gold, nickel and PI layers are used and only the thickness of the copper layer is variable to find the optimized thickness ratio for maximum bending. As a result, due to the significant higher Young's modulus of nickel, maximum curvature of four layers combination is smaller than that of Copper-PI combination. Since in the standard FPC fabrication process, thicknesses of copper and PI layers cannot be arbitrarily selected and only several commonly used Cu-PI substrates are available. Moreover thicknesses of gold and nickel layers are also limited by the Electroless Nickel / Immersion Gold (ENIG) process. Therefore under the guidance of numerical calculation, a specific single side Copper-PI substrate is applied to maximize bending performance and finally selected specific thicknesses of four layers are shown in the last column of Table 2 .
The final layout of the FPC is shown in Fig. 5 . The length and width of electrothermal actuators are about 1.3 mm and 0.1 mm, respectively. Dimensions of the rectangular mirror plate is 3 mm by 1.3 mm. Only the region within the white dashed rectangle in the Fig. 5 is available and tested in this article and the rest part will be compatible with future PWG designs in larger dimensions for longer wavelengths. The six connected small via with diameters of 0.6 mm is under cut during the FPC fabrication to form a nearly rectangular slot. Gaps between electrothermal actuators and the mirror plate measured to be about 0.3 mm need to cut manually to release movable structures. Large via in the layout have the function of holding tiny electrical wires to external test equipments. Since the FPC technology aims to fabricate flexible circuit boards, the critical dimension (CD) is far larger than that of microfabrication process. The minimum wire width and gap between wires is 100 um for the currently available FPC process.
Assembly of Two Dimensional Microscanner
Before assembly, the FPC is folded at the end of cantilevers by 45°to the copper side. The folding procedure is precisely completed by attaching a customized metal prism. The PWG is then attached on the copper side of the FPC and fixed by UV cured resin. The silicon substrate of the PWG is with high resistance and there is no significant current leakage in metal layers of the FPC. Gold wire bonding is used to create the electrical connection between two aluminum pads with the dimensions of 200 um by 200 um of the PWG and gold coated pads of the FPC. A thin silicon board as an optical bench is attached under the FPC not only to support the wire bonding process but also to support two N-BK 7 rod lenses (No. 47627, Edmund Optics, NJ, USA). Silicon optical bench (SiOB) technology has become a key solution for aligning micro optical components on silicon substrates in high precision. A more complex design has been reported for endoscopic OCT [32] . Two rod lenses placed perpendicularly to the optical axis of the incident beam have the diameter of 1 mm and the length of 2 mm. The effective NA and working distance of the rod lens is about 0.7 and 0.091 mm. An assembled two dimensional microscanner is shown in Fig. 6. 
Characterization
Both PWG and FPC beam deflectors are tested separately before assembly. The experimental setup for PWG testing is shown in Fig. 7 . A 650 nm 3 mW laser diode module with a spherical collimator is employed as the light source. A restricted aperture with the diameter of 0.8 mm is placed after the collimator for forming a smaller diameter Gaussian beam. When the beam spot is reduced by a focusing lens, the divergent angle increases and vice versa. Hence the aperture is used here to truncate peripheral parts of the beam in order to reduce the beam diameter without causing it to diverge significantly. Since the actual output diameter of the laser module is about 1.3 mm, to verify the truncation effect on the beam, beam spots in different positions captured by a CCD camera (DVC-710M, 768 × 484 pixels, peak sensitive wavelength = 600 nm, SNR > 62 dB, Thorlabs, NJ, USA) are graphically shown in Fig. 8 . The shaped laser beam is projected on one rod lens and then coupled into the PWG. Dimensions of desired single mode laser spot at the beam waist are 1.1 mm by 3.5 um. A one dimensional position sensitive detector (PSD) module (sensitive area = 1.3 mm by 15 mm, DRX-Light, China) is used to detect the moving flying spot and its output is connected to an oscilloscope to measure the far-field deflection angle. A planoconvex lens (LA1951-A-ML, 1 inch diameter, f = 25.4 mm, Thorlabs, NJ, USA) contributes to focus the deflected beam onto the sensitive area of the PSD. The typical value of linear error of the PSD module is 0.1%. A polymer bulk shown in Fig. 7 (c) for electrically insulation is fixed at the tip of a multi-degree of freedom adjustable stage to mount the assembled two dimensional microscanner. Several tiny electrical wires are soldered on the FPC to provide drive signals offered by an external signal generator (SP1642B, Nanjing Shengpu Scientific Instruments, China) with a 60 W power amplifier module (FPA1016, Feiyi Technologies, China). Fine adjustment is highly required to increase the light coupling efficiency. Similar experimental setup not shown here is also used to test FPC deflector.
Resistance of the aluminum MPA on the PWG and copper lines on the FPC are measured to be 6.8 Ohm and 0.4 Ohm, respectively. The deflection angle as a function of applied electrical power of both two devices is shown in Fig. 9(a) and (b) . About 8.6°@6.9 W for the PWG and 12.4°@250 mW for the FPC are experimentally achieved. The frequency response of FPC cantilevers was achieved by sweeping the frequency of sinusoidal drive signals from 1 to 5 Hz and found to be about 1.2 Hz for −3dB bandwidth, shown in Fig. 9(c) . The rising time to the step input of the PWG is measured about 1.3 ms while the falling time of that is about 2 ms, which is graphically presented in Fig. 9(d) . The optical power transmission efficiency defined as the power ratio of the incident beam to the exit beam is measured by an optical powermeter (S121C sensor and P100USB, Thorlabs, NJ, USA) to be around 14% (∼−8.54 dB). It is mainly due to the tiny thickness of the PWG core layer.
Discussion
In our study, short wavelengths or visible light wavelengths ranging from 400 nm to 760 nm are selected as a targeting design parameter. Light sources in this wavelength region are also widely used for industrial and biomedical imaging applications. For instance, 415 nm is applied on Narrow Band Imaging (NBI) for high contrast gastrointestinal imaging and a variety of visible lights is used to excite fluorescence in wide field and confocal microscopy. In our study, only two dimensions of the cross-section of the laser spot are taken into consideration since the height of the MPA and the thickness of the PWG core layer have to be large enough to accept the laser spot. It indicates that PWGs designed for longer wavelength always have larger dimension in its length, width and thickness if maintaining the same deflection performance. So it is possible to extend the applied beam for the PWG from visible continuous light to near infrared (NIR) pulsed laser.
Dynamic spot distortion, often appeared in out of plane motion by microscanners, may result in degradation of scan quality. The movable mirror plate supported by microactuators must be thin enough to perform a rapid response. However thin mirror plates are found to be easily continuously deformed and the shape of the flying light spot changes during scanning in air. This phenomenon becomes more apparent in higher scan speed. In our case the movable FPC mirror plate may also suffer from this phenomenon but due to the absence of a high speed camera it is not possible to further investigate at this time. Many possible solutions could be formation of enhanced structures at the backside of the mirror plate and encapsulation into a vacuum packaging. Without a high speed camera, curvatures of scan lines are also not precisely characterized here. It may affect measured results of deflection angles by the linear PSD if there are obvious curvatures of scan lines.
Even though SiOB technology has been applied here, precision assembly of micro components is still a technical challenge. In the future it is possible to develop a fully integrated fabrication process to build a two dimensional microscanner rather than assemble two pieces of one dimensional microscanners together.
Conclusion
We have demonstrated a miniaturized two dimensional optical scanner. The microscanner is assembled by several micro components. A PWG beam deflector for the fast-axis and a FPC beam deflector have been built by low cost fabrication processes and based on TO effect and electrothermal actuation mechanism respectively. The PWG beam deflector uses a MPA to modulate the refractive index of polymer layers of the PWG. PI is selected as the PWG core layer. The FPC beam deflector utilizes a pair of multilayer actuators to tip a high reflective mirror plate. Precision assembly is conducted on a SiOB. Maximum optical deflection angles of 8.6°for the PWG and 12.4°for the FPC beam deflectors are experimentally achieved. 1.2 Hz two dimensional imaging rate is tested. It is shown to be suitable for short wavelength endoscopic imaging applications due to small outline dimensions and low drive voltage.
